The rat undergoes profound maturational changes in the intestinal structure and function during the third week of its life. To investigate the role of peripheral glucocorticoid metabolism in this process, we studied the postnatal maturation of intestinal structure and function. The peripheral metabolism of glucocorticoids depends on enzyme 11␤-hydroxysteroid dehydrogenase (11␤HSD), which is responsible for the interconversion of corticosterone to 11-dehydrocorticosterone and thus for the modulation of glucocorticoid access to corticosteroid receptors. The pups were treated with carbenoxolone (CBX), an inhibitor of 11␤HSD, for 10 d during the suckling (days 8 -18) or weaning period (days 14 -24 or days 20 -30), and we determined the parameters of intestinal growth and activities of sucrase, alkaline phosphatase, and Na,K-ATPase. The CBX treatment increased plasma concentrations of corticosterone as a result of a significant reduction of peripheral degradation of corticosterone catalyzed by 11␤HSD. This also stimulated intestinal growth without changing somatic growth. The mucosal cell mass was significantly higher in CBX-treated suckling rats, whereas the effect of this treatment was less obvious in weanling animals. CBX increased the crypt depth and villus height in 18-and 24-d-old pups but not in 30-d-old animals. The small intestinal activities of sucrase, alkaline phosphatase, and Na,K-ATPase were not influenced by CBX. In contrast, colonic Na,K-ATPase was stimulated by CBX. We conclude that the administration of CBX results in acceleration of intestinal growth and structural maturation without any influence on the developmental pattern of brush-border hydrolases The concentration of glucocorticoids in the plasma plays an important physiologic role in the promotion of normal ontogeny of the human embryo in utero and of rodents during weaning. The rise of plasma glucocorticoids is associated with an accelerated maturation of various tissues (1). The local action of glucocorticoids in target tissues can be modified by changes in peripheral glucocorticoid metabolism. This metabolism depends on the enzyme 11␤-hydroxysteroid dehydrogenase (11␤HSD), which has been recognized to play a key role in regulating the access of glucocorticoids to corticosteroid receptors. Two isoforms of 11␤HSD with different properties and tissue distribution have been described. Type 2 11␤HSD is a high-affinity NAD-dependent isozyme that catalyzes the conversion of cortisol and corticosterone to cortisone and 11-dehydrocorticosterone, respectively, and thus decreases the local concentration of active glucocorticoids and prevents their binding to mineralocorticoid receptors. In contrast, type 1 11␤HSD is a NADP(H)-dependent isoform that exhibits bidirectional activity in vitro but seems to favor 11-reductase activity in intact cells. Whereas type 2 has been predominantly found in the kidney, colonic epithelium, and placenta, type 1 is the predominant type in the liver, fibroblasts, and cells of lamina propria (2).
The rat undergoes profound maturational changes in the intestinal structure and function during the third week of its life. To investigate the role of peripheral glucocorticoid metabolism in this process, we studied the postnatal maturation of intestinal structure and function. The peripheral metabolism of glucocorticoids depends on enzyme 11␤-hydroxysteroid dehydrogenase (11␤HSD), which is responsible for the interconversion of corticosterone to 11-dehydrocorticosterone and thus for the modulation of glucocorticoid access to corticosteroid receptors. The pups were treated with carbenoxolone (CBX), an inhibitor of 11␤HSD, for 10 d during the suckling (days 8 -18) or weaning period (days 14 -24 or days 20 -30) , and we determined the parameters of intestinal growth and activities of sucrase, alkaline phosphatase, and Na,K-ATPase. The CBX treatment increased plasma concentrations of corticosterone as a result of a significant reduction of peripheral degradation of corticosterone catalyzed by 11␤HSD. This also stimulated intestinal growth without changing somatic growth. The mucosal cell mass was significantly higher in CBX-treated suckling rats, whereas the effect of this treatment was less obvious in weanling animals. CBX increased the crypt depth and villus height in 18-and 24-d-old pups but not in 30-d-old animals. The small intestinal activities of sucrase, alkaline phosphatase, and Na,K-ATPase were not influenced by CBX. In contrast, colonic Na,K-ATPase was stimulated by CBX. We conclude that the administration of CBX results in acceleration of intestinal growth and structural maturation without any influence on the developmental pattern of brush-border hydrolases The concentration of glucocorticoids in the plasma plays an important physiologic role in the promotion of normal ontogeny of the human embryo in utero and of rodents during weaning. The rise of plasma glucocorticoids is associated with an accelerated maturation of various tissues (1) . The local action of glucocorticoids in target tissues can be modified by changes in peripheral glucocorticoid metabolism. This metabolism depends on the enzyme 11␤-hydroxysteroid dehydrogenase (11␤HSD), which has been recognized to play a key role in regulating the access of glucocorticoids to corticosteroid receptors. Two isoforms of 11␤HSD with different properties and tissue distribution have been described. Type 2 11␤HSD is a high-affinity NAD-dependent isozyme that catalyzes the conversion of cortisol and corticosterone to cortisone and 11-dehydrocorticosterone, respectively, and thus decreases the local concentration of active glucocorticoids and prevents their binding to mineralocorticoid receptors. In contrast, type 1 11␤HSD is a NADP(H)-dependent isoform that exhibits bidirectional activity in vitro but seems to favor 11-reductase activity in intact cells. Whereas type 2 has been predominantly found in the kidney, colonic epithelium, and placenta, type 1 is the predominant type in the liver, fibroblasts, and cells of lamina propria (2) .
It has recently been shown that 11␤-dehydrogenase activity is already present in the immature intestine (3) and that inhibition of this enzyme increases the binding of glucocorticoids to both mineralocorticoid and glucocorticoid receptors of enterocytes (4). Thus, the relative abundance of 11␤HSD1 or 11␤HSD2 in certain tissues could enhance or inhibit the effect of glucocorticoids during development. It is widely known that intestinal maturation in laboratory rodents occurs during weaning and that glucocorticoids belong to the most potent regulators in the developing intestine studied so far (1, 5) . At the time of weaning, the intestinal epithelium undergoes marked mor-phologic and biochemical changes that involve both growth and differentiation. With regard to growth, there is a shortening of the cell cycle and enhanced crypt mitotic activity and cell migration rate that are closely correlated with the increase of villus height and crypt depth (6) . These changes in crypt-villus kinetics ultimately leading to the adult steady-state seem to be under the influence of glucocorticoids (7) (8) (9) . With regard to cell differentiation, weaning is characterized by phenotypic changes in enterocytes that include developmental changes in the activity of various enzymes influenced by the hormonal milieu, including glucocorticoids (1, 5) . For example, glucocorticoids have been shown to affect the developmental patterns of sucrase (10, 11) , alkaline phosphatase (12) , and Na,K-ATPase (13) (14) (15) .
The studies mentioned above support the notion that peripheral metabolism of glucocorticoids might influence intestinal maturation. To investigate this, we examined whether inhibition of peripheral glucocorticoid metabolism via inhibition of 11␤HSD accelerates or retards the developmental pattern of various glucocorticoid-dependent variables (sucrase, alkaline phosphatase, and Na,K-ATPase activities; intestinal growth; villus height; and crypt depth). The peripheral metabolism of glucocorticoids was blocked by carbenoxolone (CBX), a potent inhibitor of both isoforms of 11␤HSD (2, 16 -18) .
METHODS

Animals.
Wistar rats were bred and maintained in an airconditioned room at 21°C on a 12:12-h light-dark cycle. Standard rat diet and water were provided ad libitum throughout the experiment. The day of birth was designated as day 0, and approximately 24 h after birth the litter size was reduced to eight pups that remained with their dam for the remainder of the experiments. The rats received either i.p. injections of CBX (60 mg·kg Ϫ1 ·d Ϫ1 , CBX groups) or vehicle [control (CTRL) groups]. CBX was dissolved in absolute ethanol and then diluted 1:9 in 0.9% NaCl for daily s.c. injection. The dose 60 mg·kg Ϫ1 ·d Ϫ1 CBX was used because administration of a similar dose reduced 11␤HSD activity in the kidneys, colon, and liver (16) . For determining the role of 11␤HSD inhibition during suckling and weaning periods, CBX was administered daily in three series of experiments starting on postnatal days 8, 14, or 20 and lasting 10 d. The animals were killed by decapitation 24 h after the end of treatment. Blood was collected and centrifuged and serum was stored (Ϫ20°C) until assayed for corticosterone using RIA (ICN Biomedicals, Costa Mesa, CA, U.S.A.). The entire small intestine and colon were removed immediately after blood collection and flushed with ice-cold 150 mM NaCl. The length of the intestine was measured under gentle traction then weighed, and the small intestine was separated into the jejunum and ileum. The jejunum was defined as the proximal third of the segment distal to the ligament of Treitz, and the ileum was defined as the distal third of that segment. For measurement of enzyme activities, protein, and DNA, the mucosa was scraped with a glass microscope slide. 11␤HSD activity was investigated in tissue slices of kidney and liver. All experiments were approved by the Institutional Review Board.
Assay of sucrase, alkaline phosphatase, Na,K-ATPase, DNA, and protein. Enzyme activities were measured in 10% mucosa homogenates prepared in a Teflon homogenizer. Sucrase activity was measured according to the method of Henning and Guerin (19) using sucrose as a substrate. Glucose liberated from sucrose was quantified by a glucose oxidase reagent. Alkaline phosphatase activity was determined by the method of Murer et al. (20) using p-nitrophenol phosphate as substrate, and p-nitrophenol was measured at alkaline pH. The activity of Na,K-ATPase was measured as the ouabainsensitive release of inorganic phosphate from ATP as has been described previously (21) . Enzyme activities were calculated as micromoles of reaction product (glucose, p-nitrophenol, phosphate) per milligram of mucosal protein per hour. Protein and DNA were determined by the method of Bradford (22) and Giles and Myers (23), respectively.
Measurement of intestinal morphology. Intestinal sections for morphometry were harvested immediately after the intestine was weighed, with the apical mucosal surface pinned onto corks face up and fixed in 10% buffered formalin. After fixation, each tissue sample was cut into two pieces and embedded in EPON 812. Vertically oriented full-thickness sections were cut from two different regions of each tissue sample and stained with toluidine blue. The crypt depth and villus height (including the thickness of the epithelium at the crypt base and villus apex) were quantified in one animal from 23 to 30 crypt-villus columns in the jejunum or ileum and 30 crypts in the colon from six sections originating from two different regions of each segment using a Zeiss microscope equipped with a micrometer. Only complete longitudinal sections of villi and unbranched crypts that showed, in continuity, the bottom and lumen of the crypt, the continuous crypt-villus junction, and the tip of the villus were evaluated. The axial height of the villus was defined as the length from the tip to the intervillus region including the thickness of the epithelium at the villus apex. Crypt length was obtained by measuring the distance from the intervillus region (colonic surface) to the crypt base including the thickness of the epithelium on both sides. Analysis of the morphometric data were performed in a blind manner to prevent observer bias.
Assay of 11␤HSD activity. Liver and kidney slices were cut with a razor blade into small strips and rinsed in ice-cold 150 mM saline. The conversion of corticosterone to 11-dehydrocorticosterone and vice vera was measured 10 h after the last administration of CBX as reported by us previously (3). Briefly, incubation of the tissue (200 -250 mg of wet weight) was carried out in sealed vessels containing 10 mL of oxygenated incubation solution and corticosterone (1.45 M) for 45 min (liver) or 75 min (kidney) at 37°C. With the use of this substrate concentration, the conversion was linearly proportional to the time of incubation. The internal standard of deoxycorticosterone (final concentration 1.5 M) was added at the end of the incubation, and the vessels were placed on ice. After centrifugation for 10 min at 3000 ϫ g, the supernatant was loaded onto a C 18 reversed-phase Sep-Pak cartridge (Waters, Milford, MA) and steroids were extracted by methanol, evaporated to dryness under nitrogen, and stored at Ϫ20°C. The samples were analyzed using HPLC, and the results were 809 expressed in nanograms of 11-dehydrocorticosterone or corticosterone per milligram of dry weight per hour.
Statistical analysis. The data are presented as the means (SD). The approximate normality of the original data and the ratio variables gut weight/body weight, gut length/body weight, and gut weight/gut length and the possible effect of error progression of ratio variables were checked out. The differences between means were tested using the unpaired t test with the value p Ͻ 0.05 considered as significant.
RESULTS
Intestinal growth in CBX-treated pups. As indicated in Table 1 , CBX influenced the growth of both suckling and weanling intestines, even though this effect was more obvious during the suckling period. Total body weight was similar in both control and CBX-treated rats. Application of CBX during the suckling period increased both the weight and the length of the small intestine, but this effect disappeared when CBX was administered during the weaning period. The increase in intestinal weight was predominantly the result of the longitudinal growth because relative weight of the intestine expressed per unit of intestinal length did not differ in control and CBX-treated pups. The growth effect of CBX did not follow the same pattern along the small intestine. When expressed per unit of body weight, CBX increased gut weight in the proximal [CTRL: 1.05% (0.10%); CBX: 1.22% (0.14%); p Ͻ 0.01] and middle third of the small intestine [CTRL: 0.79% (0.17%); CBX: 0.91% (0.11%); p Ͻ 0.05] but not in the distal third. In contrast to sucklings, the administration of CBX to weanlings did not influence the measured parameters of the small intestine with one exception (Table 1 ). The effect of CBX on colonic growth was similar during both the suckling and the weaning periods, and the treatment increased absolute and relative weight including an increase of weight per unit length of the colon.
Changes in intestinal mucosa during CBX treatment. The amount of proteins per unit length of the intestine was significantly different in CBX-treated and control animals ( Table 2) . In suckling rats, CBX increased the protein and DNA content in both the colon and the small intestine, whereas in weanling rats, this effect was more marked in the colon. The ratio of protein/DNA decreased during weaning, but this decrease was blocked in the colonic mucosa by CBX administration. The height of jejunal and ileal villi increased between days 18 and 30, and this developmental increase was accelerated by CBX 
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( Fig. 1) . The effect of CBX was significant in the jejunum and ileum of suckling and weanling rats but disappeared in 30-dold animals. The developmental increase of the depth of jejunal, ileal, and colonic crypts was also accelerated by CBX in suckling and weaning period but disappeared after weaning ( Figs. 1 and 2 ). Maturational expression of sucrase, alkaline phosphatase, and Na,K-ATPase. Mucosal maturation was further assessed Values are means (SD); 10 -12 rats in each group. Alkaline phosphatase activity is expressed in micromoles of p-nitrophenol, Na,K-ATPase activity is expressed in micromoles of phosphate, and sucrase activity is expressed in micromoles of glucose per hour and milligram protein. CBX, carbenoxolonetreated animals that were given i.p. injections of carbenoxolone in a dose 60 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 for 10 d before being killed; CTRL, control animals that were given vehicle only. * p Ͻ 0.05; as compared with the controls. by following the changes of sucrase, alkaline phosphatase, and Na,K-ATPase activities (Table 3) . Sucrase activity increased between days 18 and 24 of age, and this increase was more obvious in the jejunum than in the ileum. This normal weaning-associated maturational increase in sucrase was not influenced by administration of CBX. Alkaline phosphatase activity was higher in the jejunum than in the ileum and colon and remained unchanged during CBX treatment. Na,K-ATPase activity was enhanced during weaning in all investigated segments, and this pattern was not influenced by CBX in the small intestine. In contrast, the activity of colonic Na,K-ATPase was greater in CBX-treated pups than in control animals.
Serum corticosterone concentration and 11␤HSD activity in CBX-treated rats. Finally, we examined serum corticosterone concentrations and 11␤HSD in the liver and kidney, i.e. in tissues with high activity of 11␤HSD. CBX treatment significantly increased the serum concentrations of corticosterone; in control rats, the concentration was 98 ng/mL (39 ng/mL; n ϭ 11), whereas in CBX-treated animals, it was three times higher [294 ng/mL (123 ng/mL); n ϭ 15, p Ͻ 0.01]. Activity of 11␤HSD in renal and hepatic tissue is shown in Table 4 . In vivo administration of CBX inhibited both 11␤-dehydrogenase and 11-reductase activity (assayed ex vivo) in the liver and the former activity in the kidney. These data demonstrate that the administration of CBX administered in vivo inhibits both isoforms of 11␤HSD.
DISCUSSION
Our data have indicated that CBX influences the postnatal development of the intestine by modulating corticosterone metabolism. This conclusion is supported by two experimental findings. First, CBX administration markedly stimulated serum concentrations of corticosterone. Second, CBX suppressed the in vivo activity of 11␤HSD in the kidney, liver, and probably also in other peripheral tissues. Thus, the increased serum corticosterone concentrations in young rats may be explained by inhibition of 11␤HSD, similarly as was shown in adult rats (16, 24, 25) . Furthermore, besides a systemic effect of CBX, the local effect of the drug on intestinal 11␤HSD cannot be excluded. Suckling rats express intestinal 11-dehydrogenase but not 11-reductase activity, and this dehydrogenase activity is relatively high in the colon, small in the ileum, and absent in the jejunum (3) . It thus cannot be excluded that CBX also exerted a direct effect on colonic but not on small intestinal development by inhibiting colonic 11␤HSD. Even if CBX had been shown to inhibit not only 11␤HSD but also several other short-chain alcohol dehydrogenases, particularly prostaglandin dehydrogenases (26) , this effect is very unlikely to have occurred in our experiments. The concentration of CBX required for inhibition of prostaglandin dehydrogenases is much higher than the nanomolar K i for 11␤HSD, and CBX exhibits high nonspecific binding to plasma and cellular proteins (2, (27) (28) (29) . In addition, the effect of CBX on morphologic and enzymatic development was different from that of prostaglandin administration in suckling rats (30, 31) .
Our data provide evidence for the effect of CBX on enterocyte maturation and intestinal growth. Whereas intestinal growth was accelerated by CBX both in the small intestine and in the colon, the enzyme activities were not influenced, with the exception of colonic Na,K-ATPase, on day 18 or 24. The finding that enzyme activities of 18-and 24-d-old CBX-treated pups did not significantly differ from those of vehicle-injected animals indicates that CBX possibly accelerated enzyme development at earlier stages of life and that the effect of acceleration of enzyme maturation disappeared before the pups reached the 18th day of life. Data supporting this conclusion have recently been published by Nanthakumar and Henning (32) and Beckett et al. (33) for the glucocorticoid induction of sucrase. In contrast to sucrase and alkaline phosphatase, CBX stimulated Na,K-ATPase activity in the colon but not in the small intestine, even though glucocorticoids have been shown to stimulate this enzyme activity in both the small and large intestines (13) (14) (15) . Two possibilities may account for this discrepancy. First, the glucocorticoid sensitivity of the colon was higher than that of the small intestine. Second, perhaps a more likely explanation concerns that CBX administration inhibits colonic 11␤HSD and that the impaired corticosterone metabolism results in glucocorticoid induction of Na,K-ATPase via mineralocorticoid receptors (4, 34, 35) . Additional studies are warranted to examine the small and large intestinal response of Na,K-ATPase to CBX.
Our results support the anabolic effect of physiologic glucocorticoids on intestinal growth in suckling and weanling rats and the inhibitory effect of peripheral glucocorticoid metabolism on this process. A beneficial effect of glucocorticoids on intestinal growth and on villus height and crypt depth was observed in suckling and weanling mammals of various species (7, 8, 36) , including organ culture of suckling rat jejunum (37) . In contrast, adrenalectomy (38) or administration of glucocorticoid antagonists (9) retarded both the growth and the increase of crypt depth and villus height, which are typical for the weaning period (6) . The mucosa of suckling pups treated with CBX had a higher DNA and protein content per centimeter as well as higher villus height and/or crypt depth compared with control animals, but there were no differences in protein/DNA ratio, a commonly used measure of cell size. These changes may be due to increased DNA synthesis and accelerated rate of cell turnover (39) .
CONCLUSION
In conclusion, we have demonstrated that the in vivo inhibition of 11␤HSD in suckling and weanling rats results in significant alterations of certain aspects of intestinal growth and maturation. The findings that CBX increases plasma concentration of corticosterone and influences growth of intestinal segments with low or negligible activity of 11␤HSD could be taken as evidence that in vivo CBX does not act directly on the intestine but rather via changes of corticosterone levels. However, stimulation of Na,K-ATPase activity in the colon, which exhibits high 11␤HSD activity, but not in the small intestine, where 11␤HSD activity is low or absent (3), suggests that CBX might also be able to influence the effect of glucocorticoids directly in the target tissue.
